Abstract-A novel palladium-based micromembrane is reported that can be used for hydrogen gas separation in a miniature fuel processor for micro fuel cells. The micromembrane structure is built in a silicon substrate, using standard MEMS microfabrication processes. Four layers, viz. copper, aluminum, spin-on-glass (SOG) and palladium form the composite membrane. Copper, aluminum and SOG layers provide structural support for the palladium film. Copper can act as catalyst in the water gas shift reaction that converts unwanted carbon monoxide gas into hydrogen. Palladium is used to separate hydrogen from other gases present. The micromembrane selectively separates hydrogen from a 20:80 hydrogen:argon gas mixture by weight even at room temperature. The diffusion of hydrogen through palladium is enhanced at higher temperatures and pressures, closely following the predictions from Sievert's law. Future applications of this micromembrane for simultaneous water gas shift reaction and hydrogen separation are discussed.
I. INTRODUCTION

M
ICROELECTROMECHANICAL systems (MEMS) have been used in microfluidic applications to allow fluid handling in microscale channels etched in silicon substrates. Such microfluidic systems [1] have been primarily used for chemical analysis and sensor design, where they offer the advantages of significantly smaller reagent volumes-at least 10 times less (and correspondingly lower costs) [2] and faster analysis times (at least 10-100 times faster) [3] . The concept of using microfluidic systems equipped with active catalyst sites for developing microreaction systems is a more recent development [4] . By employing recently developed microfabrication techniques, it is now conceivable that microchannel chemical reactors with integrated heaters, sensors/actuators, valves and control electronics can be built in a single unit for improved process monitoring and control. Micromachined chemical reactor systems enable production of chemicals at point of use, offering safer operation due to the elimination of storage and transportation hazards. Microchannels offer rapid heat transfer due to their inherent large surface area to volume ratios. Sputtering or chemical vapor deposition can be used to develop catalytic films in the microreactor channels. Accurate control of reaction conditions with respect to effective mixing, heating, quenching and maintaining a desired temperature profile can be accomplished in such microreactors.
The field of building a miniature fuel microreactor for in situ hydrogen production is of particular interest in compact fuel cells, which are currently being considered as alternative energy sources for high-end portable devices such as cellular phones and laptop computers [5] , [6] . Fuel cells, in general, transform the chemical energy of the reactants directly into a DC current. The basic chemical reaction in a fuel cell is an oxidation-reduction reaction that forms water molecules from their basic ingredients, namely oxygen and hydrogen in the presence of an electrolyte. Laptop computers, cellular phones and other portable applications require clean, efficient and most importantly, light and rechargeable sources of power. Advances in large-scale fuel cells as well as in microfabrication technology imply that such compact fuel cells can now be developed.
Hydrogen is not conveniently available as a fuel to run compact fuel cells and its storage as a pressurized gas is a problem. Although it is intuitive to think of an on-line hydrogen-generating reactor, its implementation at a micro scale remains conceptually difficult. This microreactor should produce pure-grade hydrogen from a hydrocarbon via a catalytic chemical reaction and then provide it to the fuel cell. Due to the process, design and environmental requirements, the microreactor must be capable of separating hydrogen from other components while maintaining a minimal carbon monoxide concentration in the exhaust.
We propose to explore the use of a microreactor to produce hydrogen by the reaction of methanol CH OH with water. The schematic of our proposed fuel processor is shown in Fig. 1 . It will have the following four main components: (a) mixer/vaporizer of methanol and water; (b) catalytic steam reformer with an appropriate catalyst where gaseous methanol and steam react at an elevated temperature to produce carbon dioxide, carbon monoxide and hydrogen; (c) water gas shift reactor consisting of a perforated copper catalyst, which in the presence of steam converts carbon monoxide into hydrogen and carbon dioxide, and a palladium micro-membrane for hydrogen separation; the fuel should be below 10 ppm for Proton Exchange Membrane (PEM, also called Polymer Electrolyte Membrane) fuel cells [7] since carbon monoxide is harmful to the fuel cell membrane catalyst. Hence, part (c) of our proposed microreactor; namely, the palladium-based micromembrane is necessary for separating hydrogen from carbon monoxide and the rest of the by-products of the methanol steam reforming reaction. Palladium membrane provides an excellent permselectivity to hydrogen. Also, carbon monoxide should be removed from the by-products before releasing them to the atmosphere, because of the environmental safety issues. Due to this reason, a water gas shift reactor needs to be added to the microreactor after the methanol steam reformer for converting carbon monoxide to carbon dioxide. There are certain advantages to integrate the palladium-based micromembrane hydrogen separator with the water gas shift reactor. Firstly, since reversible reactions are equilibrium limited, hydrogen removal promotes conversion of carbon monoxide in the shift reaction. Second, it reduces the total area required for the entire microreactor. This paper will focus on the design, fabrication and performance evaluation of a palladium based micromembrane reactor for hydrogen separation as well as shift reaction [parts (c) and (d)] in a miniature fuel processor. The issues related to the fabrication and performance of a methanol steam reformer [part (b)] have been discussed elsewhere [8] . Designs of micromembranes based on palladium have recently emerged for selective separation of hydrogen [4] , [9] , [10] . The novelty of the structure proposed in this work is that it integrates hydrogen separation and water gas shift reaction capabilities in the same structure. Hydrogen separation capabilities are demonstrated. Future work will focus on demonstrating water gas shift reforming capabilities.
II. FABRICATION
In this work, palladium-based micromembranes integrated with copper catalyst have been successfully fabricated, characterized for their mechanical strength and evaluated for selective hydrogen separation from a gas mixture. A schematic of the micromembrane is shown in Fig. 2 . The membrane is a composite of four layers: copper, aluminum, spin-on-glass (SOG) and palladium. Copper, aluminum, and SOG layers have a pattern of holes etched into them, so as to have perforations. These layers serve as a structural support for the main element of the membrane, the palladium film. Copper also acts as catalyst in the water gas shift reaction taking place in the same channel. The effectiveness of the copper catalyst can be improved by involving additional compounds such as ZnO, Al O , etc. The gases, such as carbon monoxide, carbon dioxide, and hydrogen, produced in part (b) of the micro fuel processor during the steam reforming reaction, with some remains of steam and methanol, will flow in the channel etched in the silicon substrate. Carbon monoxide, in presence of copper catalyst and steam, will get converted into carbon dioxide. This is an exothermic reaction and needs to be maintained at about 200 C. This reaction will also release hydrogen gas that in turn is selectively separated through the palladium membrane, thus shifting the reaction to the product side. Separated hydrogen will then flow through a channel etched in another silicon wafer bonded to the original silicon wafer on top of the palladium membrane.
The micromembrane fabrication process steps are shown in Fig. 3 . We start with a 100 mm in diameter silicon wafer polished on both sides. We deposit silicon nitride on both sides of the wafer by the plasma enhanced chemical vapor deposition (PECVD) method at 300 C using 2% silane in helium and ammonia. We found that the nitride deposited using ammonia and 2% silane withstood KOH etching better than that deposited using nitrogen and 2% silane. It is also important that the silicon nitride on the front side should not have any pin-holes in it, since this nitride protects the metal films on the front side from an attack by KOH. This is achieved by depositing the nitride in two steps separated by an RCA clean of the wafers in an ultrasonic bath. Then, we sputter deposit copper followed by aluminum on the front side of the wafer. The aluminum film is added to provide mechanical strength to the free standing micromembrane. A pattern of holes is defined in this composite copper-aluminum film by using standard photolithography and subsequently wet etched. The front wafer surface is then planarised by SOG. The SOG is cured at 350 C for 30 minutes. A thin layer of aluminum followed by palladium are then sputter deposited on the front. The thin aluminum layer acts as an adhesion layer to palladium. The choice of the thickness for the various layers is based on the mechanical strength of the micromembrane. Our detailed study is discussed in Section III. Another layer of SOG is then spun on palladium film and subsequently cured at 250 C for 30 minutes. Titanium and platinum films, 10 nm and 100 nm thick respectively, are e-beam evaporated and a standard lift-off process is used to pattern resistive heaters and temperature sensors. The SOG layer acts as an insulator between the palladium film and the platinum resistive heaters and sensors built on top of the layer, while titanium film promotes adhesion of platinum to the SOG layer. After patterning of the resistive heaters and sensors, plasma etching is performed to remove the SOG on top of palladium film.
Photolithography is then done on the back side of the wafer to obtain the channel pattern. Silicon nitride from the channel region on the back side is then etched by plasma etch. The remaining nitride acts as an etch stop during the KOH etching of silicon. Bulk silicon is etched in KOH from the back side until the silicon nitride layer on the front side is reached. The layers on the front side of the wafer are protected during KOH etching by a custom made fixture. The palladium membrane is then exposed to the back channel side by plasma etching the nitride and the SOG layers.
A bottom view of the micromembrane device is shown in Fig. 4 . It shows the composite membrane with perforations in Cu-Al-SOG layers and palladium film on the top. The slanted walls of channel in silicon wafer are also visible. Fig. 5(a) shows an SEM image of the free standing palladium membrane visible through perforations in copper, aluminum and SOG layers. A cross-section of the various layers of the composite micromembrane is shown in Fig. 5(b) .
The microfabrication process described above enables the fabrication of membranes having different palladium film thicknesses. It also allows integration of resistive heaters and sensors. Resistive heaters are necessary to maintain the temperature of the device at about 200 C in order for the water gas shift reaction to occur. Fig. 6 shows a picture of the metallic resistive heater and sensor lines. Natural convection heat loss and power requirement were estimated for the resistor design. The central two lines in the picture will be used for temperature sensing while the six lines on each side of the sensor lines, spaced at an equal distance from each other, will be the resistive heaters.
III. DEVICE CHARACTERIZATION
The flux of hydrogen gas through Palladium membrane follows Sievert's law and is given by [11] H H
where is the permeation coefficient, the membrane thickness and H & H hydrogen partial pressures on both the sides of membrane. The permeation coefficient is given by [12] (2)
where is the diffusivity of hydrogen through palladium, the diffusivity preexponential coefficient, Sievert's constant, the activation energy for diffusion, the universal gas constant and the absolute temperature. Thus, the total flow of gas, , through the membrane will be H H where is the total area of the membrane exposed to hydrogen gas. From (3) it can be seen that the permeation of hydrogen through the micromembrane increases if the membrane thickness is reduced and/or the hydrogen pressure gradient across the membrane is increased. Equation (3) also suggests that if we increase the temperature of the micromembrane, the hydrogen flow will increase. Thus, the membrane should withstand high temperatures without breaking or becoming brittle.
The mechanical strength of the microfabricated free standing membrane was tested. The strength of the membrane at room temperature was measured, with the membrane pressurized with nitrogen gas from the silicon channel side and the front side of the membrane kept at atmospheric pressure. Table I gives the rupture pressure in psi for various thickness combinations of Cu-Al-SOG stack for 50 nm Pd layer thickness. It shows that as we increase the SOG thickness, the mechanical strength of the membrane also increases. The strength of Cu alone with SOG is less than Cu with Al and SOG, most probably because of the internal stresses in the Cu film. Also, the strength of the membrane increases, if the Cu thickness is increased, while keeping Al and SOG thicknesses constant. A membrane with 66 nm Cu, 200 nm Al, 500 nm SOG and 50 nm Pd breaks at 10.18 psi, but only Pd is ripped off leaving the Cu-Al-SOG stack intact. Increasing the thickness of Pd from 50 nm to 200 nm improves the strength of the membrane resulting in a maximum sustained pressure gradient before failure of 15 psi (around 1 atm) of the thicker vs. 10.18 psi of the thinner. Thus, higher Al and Pd thicknesses aid the mechanical strength of the micromembrane.
Each micromembrane was used only once until it ruptured for the mechanical strength studies at room temperature. It has been noted that Pd based membranes have mechanical problems because of temperature cycling and repeated pressurized hydrogen permeation. In this work, the micromembranes were not subjected to a pressure and temperature cycling, since the goal of the current study was to demonstrate the feasibility of a palladium based micromembrane for hydrogen separation. The issue of pressure and temperature cycling and the sensitivity of palladium to embrittlement in the presence of hydrogen will need to be addressed in future for a fully functional micromembrane device. No attempt was made in the current study to mitigate these observed effects.
The membrane was also subjected to a static hydrogen permeation test. The test setup is shown in Fig. 7 . The interfacing of the micromembrane chip to tubing for reactant and product gas transport was done using a custom-made stainless steel test fixture. Using two quad-type o-rings ensured leak-proof sealing between the micromembrane chip and the test fixture. The advantage of using this text fixture was that the micromembrane temperature could be maintained at a desired value by heating the steel housing using heating tapes and suitable temperature controllers.
A pressurized mixture of 20:80 hydrogen:argon by weight was applied to the side of the membrane, which had the Cu-Al-SOG support. The other side of the membrane was maintained at atmospheric pressure. Helium gas with a known flow rate was used to sweep separated hydrogen from the membrane to a mass spectrometer, which gave a real-time analysis of the composition of the product gases. The helium flow was carefully controlled using a mass flow controller and the pressure was monitored. This was important for proper functioning of the mass spectrometer and also for the measurement of the hydrogen flow. The gas analyzer used for analysis of the product gas composition was a quadrupole ion-trap mass spectrometer based residual gas analyzer (RGA) with a pressure-reducing inlet allowing the The area of palladium sites exposed to hydrogen was known from the design considerations. This led to the calculation of the flux of hydrogen gas through palladium micromembrane. Fig. 8 shows an output of the mass spectrometer in pressure units, when the total pressure gradient of 20:80 hydrogen:argon mixture across the micromembrane was 8.4 psi (hydrogen partial psi) at room temperature. It can be seen that the micromembrane selectively separates hydrogen from H Ar mixture at room temperature. Fig. 9 is a plot of hydrogen flux for varying hydrogen partial pressures at four different temperatures through a micromembrane having 200 nm palladium layer thickness. An increase in both the partial pressure and the temperature of the membrane aids the hydrogen flux through the membrane. Fig. 9 also gives power fits at four different temperatures for the data points. All the fits have a power of around 0.5 for hydrogen partial pressure. These powers are similar to the partial pressure power in (1) (with H , since the separated hydrogen is immediately swept away by the constant flow of helium).
The temperature dependence of the Sievert's constant, , can be given by [12] (5) where is the relative partial molar enthalpy of dissolution of hydrogen in palladium, is the relative partial molar entropy of dissolution of hydrogen in palladium and is the 
A plot of natural logarithm of hydrogen flux through a Pd micromembrane 200 nm thick versus inverse of absolute temperature at three different hydrogen partial pressure gradients across the micromembrane (with H ) is shown in Fig. 10 . The slopes of the straight line fits, shown in Fig. 10 , give us the value of the total activation energy, . The activation energy, , depends upon the material characteristics of palladium film. Our value of (918 J/mole) is significantly less than the value reported in the literature (12.3 kJ/mole) [13] . This lower value implies that our sputter deposited palladium film is more permeable to hydrogen diffusion than the electroless plated palladium films reported in [13] . This is most probably because of the difference in the microstructure of our sputter deposited palladium films. Since in this work palladium is sputter deposited at room temperature, the adatom mobility of deposited palladium is low, resulting in some porosity within the solid film and a small grain size.
IV. CONCLUSION
This work studied the design, fabrication and performance evaluation of a palladium based micromembrane reactor for hydrogen gas separation as well as future possible shift reaction in a proposed microreactor to produce hydrogen by the reaction of methanol with steam in presence of a catalyst. The novelty of this structure is that we have integrated the water gas shift reactor as well as the hydrogen gas separator in the same structure. This is because copper can act as a membrane support as well as a catalyst in the water gas shift reaction. The mechanical strength of the micromembranes with various combinations for the thicknesses of the component Cu-Al-SOG-Pd layers was measured. Higher Al and Pd thicknesses aided the mechanical strength of the micromembranes. A micromembrane with 66 nm Cu, 200 nm Al, 500 nm SOG, and 200 nm Pd withstood a maximum pressure gradient of 1 atm before failure. The micromembranes selectively separated hydrogen from a 20:80 hydrogen:argon gas by weight mixture at room temperature. The hydrogen flux through the palladium micromembrane was measured and it was found that the flux increased with temperature as well as the hydrogen partial pressure gradient across the membrane, following Sievert's law. The hydrogen flux through a micromembrane with 200 nm thick Pd film at 100 C with a hydrogen partial pressure gradient of 8.3 psi was as high as 5.2 mole m s . The activation energy for the hydrogen flux was calculated to be 918 J/mole that is smaller than the previously reported value. This smaller value for the activation energy was attributed to the microstructure of the sputter deposited film. Current work is focused on studying and characterizing the water-gas shift reaction capabilities of the proposed microreactor/microseparator.
